The bacterium Deinococcus radiodurans is extremely resistant to high levels of DNA damaging agents, including gamma rays and ultraviolet light that can lead to double-stranded DNA breaks. Surprisingly, the organism does not appear to have a RecBCD enzyme, an enzyme 
7 amino-terminal His-tagged RecD protein had low affinity for a nickel-containing resin and could not be purified under native conditions by this method.
We then transferred the recD gene to pET-21a (Novagen Corp.) for expression with a Cterminal His-tag. Two primers were designed to amplify a ~1500-base-pair fragment from the 3 radiodurans RecD protein with the peptide Leu-Glu-His-His-His-His-His-His appended to its Cterminus. The complete sequence of the recD gene insert in pDr-recD-21 was verified.
D. radiodurans RecD protein purification.
The C-terminal His-tagged RecD protein was expressed in E. coli strain BL21(DE3) transformed with pDr-recD-21. Cells were grown in 2 liters of LB medium containing 50 µg/ml ampicillin at 37 C with vigorous shaking, until the OD 600 = 0.5. IPTG was then added to 0.5 mM final concentration, and the cells were incubated at -80 C overnight, and then thawed on ice and suspended in 50 ml of native binding buffer (20 mM sodium phosphate, pH 7.8, 500 mM NaCl). PMSF (600 µl of 1 M stock) and 300 µl of a protease inhibitor cocktail for polyhistidine-tagged proteins (Sigma, Inc.) were added to the cell suspension. The cells were lysed by sonication and the cell debris was removed by centrifugation at 16,000 × g for 30 minutes at 4 C.
The crude cell extract was applied to a 10 ml Ni 2+ -NTA column (ProBond resin, Invitrogen Corp.) in native binding buffer. The column was washed with 30 ml of native binding buffer, 100 ml of native wash buffer (20 mM sodium phosphate, pH 6.0, 500 mM NaCl)
containing 60 mM imidazole, and the RecD protein was eluted in a 140 ml gradient of 60 to 400 mM imidazole in native wash buffer, followed by 10 ml native wash buffer with 500 mM imidazole.
The fractions containing RecD protein, based on SDS-PAGE, were collected and dialyzed against Buffer A (20 mM potassium phosphate, pH 7.5, 1 mM EDTA, 1 mM DTT, 10 % (v/v) glycerol). The dialyzed pool was applied to a 5 ml ssDNA cellulose column (Sigma) in Buffer A.
The column was washed with ten volumes of Buffer A containing 50 mM NaCl, followed by 30 ml each of Buffer A with 0.6 M NaCl, 1 M NaCl, and 1.5 M NaCl. The bulk of the RecD eluted in the 1.0 M and 1.5 M NaCl washes. The fractions containing RecD were pooled, dialyzed against Buffer A containing 10 % (v/v) glycerol, concentrated by ultrafiltration (Amicon), and then dialyzed against Buffer A containing 50 % glycerol. The resulting protein solution (> 90 % pure) was aliquoted and stored at -80 C. The purified protein retained its activity for at least 2 years under this storage condition. The RecD concentration was determined from the absorbance at 280 nm, using ε 280 = 52,060 M -1 cm -1 , calculated for His-tagged RecD using the program ProtParam (http://ca.expasy.org/tools/protparam.html). The concentrated RecD stock was diluted in 25 mM potassium phosphate, pH 7.5, 0.1 mM EDTA, 0.1 mM DTT, 0.14 mg/ml BSA and 10% glycerol and kept on ice, for all enzymatic assays described below.
ATP hydrolysis assays. ATP hydrolysis was measured by thin layer chromatography on polyethyleneimine (PEI)-cellulose plates (J. T. Baker) as described (18) . The reaction mixtures (20 µl total volume) contained 50 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 , 10 µM (nt residues) DNA or no DNA, 1 mM DTT, 5 % glycerol, 0.1 mg/ml BSA, 10 µM [γ-32 P]ATP (30 Ci/mmol), and 0.2 nM RecD enzyme. The reactions were incubated at 37 C and 0.5 µl aliquots were spotted on the TLC plates. The plates were developed and analyzed using a Storm
PhosphorImager and ImageQuant software (Amersham Biosciences) as described (18) .
DNA unwinding assays.
The oligonucleotides used as helicase substrates are listed in Table 1 . These oligonucleotides can be annealed in pairs to form DNA duplexes with various end structures ( Table 1) . One oligonucleotide of each double-stranded molecule was labeled at its 5'-end with [ 32 P] as described (25).The labeled oligomers were purified using a QIAquick
Nucleotide Removal Kit (Qiagen Corp.) and their concentrations were determined from scintillation counting of samples removed before and after the purification procedure. The two oligomers (20 µM each) were mixed in 50 mM NaCl, 20 mM Tris-acetate, pH 7.5, 1 mM magnesium acetate, heated to 95 C, and then cooled slowly to room temperature to allow them to anneal.
Most unwinding reaction mixtures contained 25 mM Tris-acetate, pH 7.5, 10 mM magnesium acetate, 1 mM ATP, 1 mM DTT, 0.1 mg/ml BSA, and 1 nM of duplex substrate.
Reactions at pH other than 7.5 were done as described in the figure DNA binding measurements. The hairpin oligonucleotides used in these experiments are listed in Table 1 . These molecules have 20 bp of double-stranded DNA, a three-nucleotide loop, and either a 6 nt or 12 nt 5'-single-stranded tail, or a 12 nt forked end. These constructs were used
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ATP hydrolysis by D. radiodurans RecD. We first tested the purified RecD protein for ATP hydrolysis activity. The protein exhibits efficient ATP hydrolysis activity in the presence of a single-stranded DNA oligomer, with no detectable activity in the absence of DNA (Fig. 2) . A low level of ATP hydrolysis was detected with linear dsDNA, and even less with circular dsDNA.
The latter ATPase activity may result from a small amount of linear DNA in the circular plasmid preparation.
DNA unwinding activity.
We then tested for DNA unwinding activity using substrates shown in Table 1 . RecD unwound a 20 bp duplex with a 12 nt 5'-single-stranded extension (oligonucleotides I + II; see Table 1 ), and the same duplex with a forked end (I + IV: 12 nt noncomplementary extensions on both the 3'-and 5'-ends) (Fig. 3 ). There was no detectable unwinding of a 20 bp duplex with blunt ends nor of the duplex with the 3'-single-stranded tail (Fig. 3 ). Thus the enzyme requires a DNA duplex with a 5'-single-stranded extension for helicase activity. While the forked substrate is unwound more rapidly than the tailed substrate, the enzyme does not require the fork, in contrast to some other helicases (26). There was no unwinding in the absence of either ATP or magnesium ion (data not shown).
The RecD protein was in excess over the DNA in the experiment shown in were very poor substrates under conditions where the substrates with a 10 or 12 nt overhang were unwound efficiently (Fig. 5 ). Greater unwinding of the 8 nt tailed substrate, and slight unwinding of the 6 nt tailed substrate, could be detected at higher enzyme concentration (10 nM; data not shown). These results suggest that the enzyme requires at least 10 nt of single-stranded DNA for tight binding to the DNA substrates.
DNA binding measurements. We measured binding of RecD to DNA molecules with various end structures directly in a gel shift assay (Fig. 6 ), using hairpin oligonucleotides ( Table 1 ). The hairpin with the 12 nt forked end was bound tightly and two shifted complexes were observed.
We presume that these complexes are DNA molecules with RecD bound to one or both ss-tails.
The enzyme bound less tightly to the 5'-tailed DNA than to the fork (Fig. 6B ). The hairpin with the 6 nt extension was bound weakest of all, with a large excess of protein required before a significant amount of the DNA was shifted in the gel. Weak binding to this hairpin DNA is consistent with the fact that the duplex with the 6 nt tail is a very poor unwinding substrate ( Unwinding of longer DNA substrates. We next asked whether the enzyme is able to unwind substrates longer than the 20 bp substrates tested so far, using 52 and 76 bp substrates with a 12 nt 5'-single-stranded overhang (Table 1 ). In striking contrast to the results with the 20 bp substrates, a large molar excess of protein over DNA (10-100-fold) was required for significant unwinding of the 52 bp substrate (Fig. 7A,B ). There was little or no unwinding of the 52 bp substrate with enzyme concentrations equal to or less than the DNA (data not shown). The 76 bp substrate was unwound even less efficiently than the 52 bp substrate (Fig. 7B ).
There are at least two possible explanations for the inefficient unwinding of the longer substrates compared to the 20 bp substrates. One is that RecD is a helicase with low processivity, such that the enzyme is able to unwind a short duplex (i.e., 20 bp) but it falls off before it can unwind completely the longer dsDNA molecules. A second possibility is that the individual We also tested whether unwinding of the longer substrates could be more efficient, in the absence of SSB protein, under other reaction conditions. The rate of unwinding the 52 bp DNA was about 2-fold greater at lower magnesium ion concentration (1-3 mM) than at 10 mM Mg 2+ as was used in previous experiments (data not shown). The unwinding rate decreased slightly (<2-fold) at 5 or 10 mM ATP rather than 1 mM ATP, with Mg 2+ concentration kept equal to the ATP (data not shown). Added salt (NaCl or KCl) inhibited at all concentrations tested (25 -400 mM;
data not shown) and was not included in further experiments.
The one change that did affect significantly the unwinding of the longer substrates was pH. Substantially more 52 bp DNA was unwound at pH 6 -6.5 than at pH 7.5, the conditions used in previous experiments (Fig. 8A) The DrSSB protein further enhanced the unwinding rate of the 52 bp substrate by about 2-fold at pH 6.5 (Fig. 8C) . The unwinding rate also increased in the presence of E. coli SSB, but only by about 30-60% (data not shown).
We then compared other enzymatic activities of RecD at pH 6.5 and 7. bp/RecD/sec; data not shown) than at pH 7.5 and 10 mM Mg 2+ (see above). Interestingly, the unwinding of the 20 bp DNA with a forked end was about 2-fold slower at pH 6.5 than at pH 7.5 (data not shown). The most striking observation is that binding to the 12 nt 5'-tailed hairpin DNA is even tighter at pH 6.5 than at 7.5 ( Fig. 9 ). Stronger DNA binding at pH 6.5 is consistent with apparently higher processivity at pH 6.5 than at pH 7.5. The enzyme would be able to stay bound to the substrate until it is unwound completely and detected as separate single strands in the gel unwinding assay. Nevertheless, unwinding of the 52 and 76 bp substrates is significantly slower than for the 20 bp substrates under all conditions we have tested. Table 1 ), 100 nM RecD, and other conditions as in 
